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METHODS AND APPARATUS FOR ACTIVE TERMINATION OF 

HIGH-FREQUENCY SIGNALS 



BACKGROUND OF THE INVENTION 

[0001] The present invention relates to methods and 
apparatus for providing a termination function that exhibits 
a controlled impedance to terminate a signal, such as may be 
used in an integrated circuit or the like. 

[0002] Proper termination of high-frequency signals are 
of particular concern in the design and implementation of 
electronic circuits, such as digital computers, 
microprocessors, digital signal processors, memory circuits, 
or virtually any other electronic circuit in which impedance 
matching is important. Indeed, if the impedance of a 
receiving or transmitting circuit is not properly 
controlled, then undesired transmission line effects may 
result, such as undesirable signal reflections. Signal 
reflections are of particular concern in high-frequency 
applications, such as in digital circuits, where signal 
reflections may result in unwanted interference with an 
incident or received signal that result in an erroneous 
logic level . 

[0003] A prior art technique of providing a termination 
of a desirable impedance is illustrated in FIG. 1. In 
particular, FIG. 1 illustrates a termination circuit 10 
employing a resistor divider comprising a first resistor RA 
and a second resistor RB coupled in series across voltage 
sources Vdd and Vss. With this configuration, the impedance 
at the termination node is approximately equal to the 
parallel combination of RA and RB. The values of RA and RB 
are selected in order to achieve a desirable impedance, 
thereby reducing or eliminating unwanted signal reflections. 
Among the disadvantages of this prior art 
resistor- termination approach is relatively high cross 
current and attendant power dissipation. 



[0004] The power consumption and dissipation 
characteristics of the resistor- termination approach will be 
discussed with reference to FIG. 2. FIG. 2 illustrates the 
current I and voltage V characteristics of the respective 
resistors RA and RB. The voltage V along the abscissa of 
the illustrated graph represents a voltage induced on the 
termination node of the termination circuit 10 of FIG. 1. 
The induced voltage may be produced by a driver circuit that 
operates to produce a logic high level or a logic low level. 
For example, the driver circuit might output a logic high 
level by placing a voltage approaching Vdd on the 
termination node. Alternatively, the driver circuit might 
operate to produce a logic low level by placing a voltage 
approaching Vss on the termination node. The voltage placed 
on the termination node by the driver circuit affects the 
current characteristics of the resistors RA and RB . 
Assuming that RA and RB are substantially equal to one 
another, then the currents IRA and IRB through RA and RB, 
respectively, intersect one another at a voltage of about 
(Vdd - Vss) /2 . 

[0005] As the voltage V at the termination node is 
reduced by the driver circuit, the current IRA through 
resistor RA increases (due to an increase in the voltage 
thereacross) and the current IRB through resistor RB reduces 

(due to a reduction in the voltage thereacross) . The 
summation of the currents IRA and IRB is substantially equal 
to the shunt current Is drawn by the termination circuit 10. 
Depending on the values of Vdd, Vss, RA and RB, the 
magnitude of the shunt current Is may be on the order of 
about 10mA. This is a relatively high value. 

[0006] Accordingly, there are needs in the art for new 
methods and apparatus for terminating a signal that do not 
draw excessive current from a power supply, yet provide a 
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controlled impedance in order to reduce or eliminate signal 
reflections . 

SUMMARY OF THE INVENTION 

[0007] In accordance with one or more aspects of the 
present invention, an integrated circuit includes: at least 
one main circuit operable to perform one or more functions, 
and including at least one I/O node for receiving or 
transmitting an operating signal; an active termination 
circuit having first and second MOSFETs of the same type 
coupled in series across a Vdd node of a first source 
potential and a Vss node of a second source potential, the 
at least one I/O node being coupled to a common node between 
the first and second MOSFETs ; and a control circuit operable 
to bias the first and second MOSFETs such that they exhibit 
a controlled impedance at the common node. 

[0008] The first and second MOSFETs may be of the N- 
channel type or of the P-channel type. 

[0009] The control circuit preferably includes a first 
gate control circuit operable to provide a first gate drive 
signal to a gate of the first MOSFET, and a second gate 
control circuit operable to provide a second gate drive 
signal to a gate of the second MOSFET. The first and second 
gate drive signals are preferably produced such that a 
quiescent voltage potential of the common node is between 
the Vdd and Vss potentials. The quiescent voltage potential 
of the common node may be at about a midpoint between the 
Vdd and Vss potentials. The quiescent voltage potential of 
the common node is preferably substantially non-zero. 
[0010] The first gate control circuit preferably includes 
a first impedance coupled between the gate and a drain of 
the first MOSFET and a first current source coupled from the 
gate of the first MOSFET to the Vss node. The second 
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control circuit preferably includes a second impedance 
coupled between the gate and a drain of the second MOSFET 
and a second current source coupled from the gate of the 
second MOSFET to the Vss node. 

[0011] The control circuit may include a third current 
source coupled between the Vdd node and the common node . 
Respective magnitudes of the first, second, and third 
current sources are preferably controlled to achieve the 
controlled impedance and the quiescent voltage potential at 
the common node . 

[0012] The first, second, and third current sources may 
be voltage controllable and produce respective currents in 
response to a current command signal to achieve the 
controlled impedance and the quiescent voltage potential at 
the common node. In this regard, the control circuit 
further includes a scaled MOSFET coupled in series with a 
fourth current source from the Vdd node to the Vss node, a 
third impedance coupled from a drain to a gate of the scaled 
MOSFET, a fifth voltage controlled current source receiving 
the current command signal and being coupled from the gate 
of the scaled MOSFET to the Vss node, and an operational 
amplifier operable to produce the current command signal 
based on a reference voltage and a voltage at a source of 
the scaled MOSFET. 

[0013] Preferably, a ratio of the magnitude of the 
reference voltage and the magnitude of the fourth current 
source is substantially the controlled impedance at the 
common node. The scaled MOSFET may be a scaled version of 
the first MOSFET. The control circuit preferably includes a 
voltage source operable to produce about 1/2 of the voltage 
potential between the Vdd and Vss nodes, and a reference 
resistor coupled from the voltage source to a sixth current 
source. The reference voltage is preferably taken at a 
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junction of the reference resistor and the sixth current 
source . 

[0014] In accordance with one or more further aspects of 
the present invention, an active signal termination circuit 
includes: a first N-channel MOSFET having a gate terminal, 
a drain terminal, a source terminal, and a bulk terminal, 
the source terminal and the bulk terminal being coupled to a 
common node, and the drain terminal being coupled to a Vdd 
node of a first source potential; a second N-channel MOSFET 
having a gate terminal, a drain terminal, a source terminal, 
and a bulk terminal, the source terminal and the bulk 
terminal being coupled to a Vss node of a second source 
potential, and the drain terminal being coupled to the 
common node; and a control circuit operable to bias the 
first and second MOSFETs such that they exhibit a controlled 
impedance at the common node . 

[0015] In accordance with one or more further aspects of 
the present invention, an active signal termination circuit 
includes: a first P-channel MOSFET having a gate terminal, 
a drain terminal, a source terminal, and a bulk terminal, 
the drain terminal and the bulk terminal being coupled to a 
Vdd node of a first source potential, and the source 
terminal being coupled to a common node; a second P- channel 
MOSFET having a gate terminal, a drain terminal, a source 
terminal, and a bulk terminal, the drain terminal and the 
bulk terminal being coupled to the common node, and the 
source terminal being coupled to a Vss node of a second 
source potential; and a control circuit operable to bias the 
first and second MOSFETs such that they exhibit a controlled 
impedance at the common node . 

[0016] In accordance with one or more further aspects of 
the present invention, a method includes biasing first and 
second series coupled MOSFETs of the same type such that 
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they exhibit a controlled impedance at a common node 
thereof, wherein the first and second MOSFETs are coupled in 
series across a Vdd node of a first source potential and a 
Vss node of a second source potential, the common node being 
between the first and second MOSFETs . 

[0017] Other aspects, features, and advantages of the 
invention will become apparent to one skilled in the art 
when the description herein is taken in conjunction with the 
accompanying drawings . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] For the purposes of illustrating the invention, 
there are shown in the drawings forms that are presently 
preferred, it being understood, however, that the invention 
is not limited to the precise arrangements and 
instrumentalities shown. 

[0019] FIG. 1 illustrates a circuit diagram of a 
conventional termination circuit; 

[0020] FIG. 2 is a graph illustrating the voltage and 
current characteristics of the circuit components of FIG. 1; 

[0021] FIG. 3 is a circuit diagram of an active 
termination circuit in accordance with one or more aspect of 
the present invention; 

[0022] FIG. 4 is an alternative circuit diagram of an 
active termination circuit in accordance with one or more 
further aspects of the present invention; 

[0023] FIG. 5 is a graph illustrating the voltage and 
current characteristics of the components of the circuit of 
FIG. 3; 

[0024] FIG. 6 is an alternative active termination 
circuit that provides additional design flexibility using a 
control circuit; 
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[0025] FIG. 7 is a schematic diagram of an active 
termination circuit suitable for implementing the circuit of 
FIG. 6; 

[0026] FIG. 8 is a schematic diagram of a circuit that is 
operable to produce one or more control voltages that may be 
employed to control one or more current sources of the 
circuit of FIG. 7; 

[0027] FIG. 9 is a schematic diagram of a circuit that is 
operable to produce a reference voltage for the circuit of 
FIG. 8; 

[0028] FIG. 10 is a graph illustrating impedance, 
current, and voltage characteristics of the termination 
circuit of FIG. 7; 

[0029] FIG. 11 is a graphical illustration comparing 
voltage versus time characteristics of the prior art 
resistive termination circuit as compared with a 
non-activated and an activated termination circuit in 
accordance with the present invention; 

[0030] FIG. 12 is an alternative active termination 
circuit that is analogous to the circuit of FIG. 7 except 
that it employs P-channel MOSFETs / 

[0031] FIG. 13 is a more detailed schematic diagram of 
the termination circuit of FIG. 7; 

[0032] FIG. 14 is an alternative detailed schematic 
diagram suitable for use in implementing the termination 
circuit of FIG. 7; and 

[0033] FIG. 15 is a more detailed schematic diagram 
suitable for use in implementing the circuits of FIGS. 8 and 
9 in combination. 

DETAILED DESCRIPTION OP THE INVENTION 

[0034] Referring now to the drawings, wherein like 
numerals indicate like elements, there is shown in FIG. 3 an 
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active termination circuit 100 in accordance with one or 
more aspects of the present invention. The active 

termination circuit 100 includes first and second N-channel 
MOSFETs 102, 104, respectively. Each N-channel MOSFET 102, 
104 includes a gate terminal G, a drain terminal D, a source 
terminal S, and a bulk terminal B. The source terminal S 
and the bulk terminal B of the first N-channel MOSFET 102 
are coupled to a common node 106, which is a termination 
node. The drain terminal D of the first N-channel MOSFET 
102 is coupled to a Vdd node of a first source potential. 
By way of example, the Vdd node may provide 1.8 volts, 2.5 
volts, 3.3 volts, etc. The source terminal S and the bulk 
terminal B of the second N-channel MOSFET 104 are coupled to 
a Vss node of a second source potential, such as ground. 
The drain terminal D is coupled to the common node 106. The 
respective gate terminals G of the first and second 
N-channel MOSFETs 102, 104 are coupled to their respective 
drain terminals D. This rudimentary control circuit 

operates to bias the first and second N-channel MOSFETs 102, 
104 such that they exhibit a controlled impedance at the 
common node 106. 

[0035] FIG. 4 is a schematic diagram of an alternative 
active termination circuit 100A wherein first and second 
P-channel MOSFETs 102A and 104A are employed. For the 
purposes of brevity, a detailed description of the 
interconnections of the circuit 100A and its voltage and 
current characteristics will not be presented inasmuch as 
they are believed to be evident in light of the discussion 
hereinabove with respect to FIG. 3. 

[0036] The voltage and current characteristics of the 
termination circuit 100 of FIG. 3 will now be discussed with 
reference to FIG. 5. Assuming that the first and second 
N-channel MOSFETs 102, 104 are matched, then a high 
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impedance (or open) condition at the common node 106 will 
result in substantially equal currents through the 
drain- to-source terminals of the first and second N-channel 
MOSFETs 102, 104. As shown in FIG. 5, the voltage at the 
common node 106 at this bias point is about (Vdd - Vss)/2. 
The current level, i.e,, the shunt current, Is, at this bias 
point has a magnitude substantially equal to the magnitude 
at which the respective drain currents ID102 and ID104 
intersect. Advantageously, the shunt current Is is 

substantially less than the shunt current of the prior art 
resistive termination circuit 10 (FIG. 1) . Indeed, the 
shunt current Is of the active termination circuit 100 of 
the present invention may be on the order of about 1 mA. 
[0037] Reference is now made to FIG. 6, which is a block 
diagram of an alternative termination circuit 150 in 
accordance with one or more further aspects of the present 
invention. The circuit 150 includes the first and second 
N-channel MOSFETs 102, 104 as in the circuit 100 of FIG. 3. 
The termination circuit 150 also includes a control circuit 
152 that is preferably operable to bias the MOSFETs 102, 104 
such that a desirable quiescent voltage and a desirable 
impedance are exhibited at node 106. 

[0038] Reference is now made to FIG. 7, which is a 
schematic diagram of an active termination circuit 200 in 
accordance with one or more further aspects of the present 
invention. Like the circuit of FIG. 6, the active 

termination circuit 200 includes first and second N-channel 
MOSFETs 102, 104, respectively. Each N-channel MOSFET 102, 
104 includes a gate terminal G, a drain terminal D, a source 
terminal S, and a bulk terminal B. The source terminal S 
and the bulk terminal B of the first N-channel MOSFET 102 
are coupled to a common node 106, which is a termination 
node. The drain terminal D of the first N-channel MOSFET 
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102 is coupled to a Vdd node of a first source potential. 
The source terminal S and the bulk terminal B of the second 
N-channel MOSFET 104 are coupled to a Vss node of a second 
source potential, such as ground. The drain terminal D is 
coupled to the common node 106. 

[0039] The circuit 200 includes more details regarding a 
suitable control circuit to bias the MOSFETs 102, 104. In 
particular, the gate terminal G of the first N-channel 
MOSFET 102 is coupled to the Vdd node through a first 
impedance, such as resistor Rl . A first current source IS1 
is coupled between the junction of the resistor Rl and the 
gate terminal G of the first N-channel MOSFET 102 and the 
Vss node. The gate terminal G of the second N-channel 
MOSFET 104 is coupled to the common node 106 through a 
second impedance, such as resistor R2 . A second current 
source IS2 is coupled between the junction of the resistor 
R2 and the gate terminal G of the second N-channel MOSFET 
104 and the Vss node. A third current source IS3 is coupled 
between the Vdd node and the common node 106. 

[0040] In comparison with the active termination circuit 
100 of FIG. 3, the termination circuit 200 of FIG. 6 is 
compensated by way of the various components to 
substantially eliminate variations in supply voltages and 
temperature variations. In order to maintain current 
symmetry, the third current source IS3 compensates for the 
current drawn from the common node 10 6 by the second current 
source IS2 . 

[0041] In general, resistors Rl and R2 , and current 
sources IS1, IS2, and IS3 operate to bias the first and 
second N-channel MOSFETs 102, 104 such that a quiescent 
voltage potential is produced at the common node 106 that is 
between the respective magnitudes of the Vdd and Vss nodes, 
while maintaining a controlled impedance, such as 75 Ohms. 
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Preferably, the quiescent voltage potential is at about a 
midpoint between the magnitudes of the Vdd and Vss nodes. 
By way of example, the magnitude of the voltage at the Vdd 
node may be about 1.8 volts, while the magnitude at the Vss 
node may be about 0 volts. Thus, the quiescent voltage 
potential of the common node 106 is preferably about 0.9 
volts . 

[0042] Preferably, the first, second, and third current 
sources IS1, IS2, and IS3 are voltage controllable to 
produce respective currents in response to a current command 
signal, wherein the respective magnitudes of the currents 
function to control the impedance and quiescent voltage 
potential at the common node 106. 

[0043] FIG. 8 is schematic diagram of a circuit that is 
suitable for producing a voltage that may be used to command 
or control the magnitudes of the respective currents 
produced by the first, second, and third current sources 
IS1, IS2, and IS3 of the termination circuit 200 of FIG. 7. 
The control circuit 3 00 includes an operational amplifier 
302, a third impedance 304 (such as resistor R3) , a 
transistor 3 06, a fourth current source IS4, and a fifth 
current source IS5. An output voltage may be taken from 
either or both of nodes 310 and 312. The operational 
amplifier 3 02 preferably receives a reference voltage Vref 
as input to its non- invert ing node and receives a voltage 
from the output node 312 as input to its inverting input. 
Preferably, the fifth current source IS5 is a voltage 
controlled current source and receives its control voltage 
from node 310, which is the output from the operational 
amplifier 302. The fifth current source IS5 draws a current 
through the resistor R3 and develops a particular voltage at 
the drive terminal of the transistor 306. Preferably, the 
transistor 306 is an N-channel MOSFET, which draws a drain 
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current from the Vdd node in response to the voltage drop 
across resistor R3 . This establishes a voltage potential at 
node 312 and at the inverting input terminal of the 
operational amplifier 302, thereby completing the control 
loop. Preferably, an output voltage is taken from node 310 
and is applied as a control voltage to one or more of the 
first, second, and third voltage controlled current sources 
IS1, IS2, and IS3 , respectively. As discussed above, an 
output voltage may alternatively be taken at node 312. 
[0044] Preferably, the ratio of Vref and the magnitude of 
the current drawn by the fourth current source IS4 is 
substantially equal to the controlled impedance at the 
common node 106 of the termination circuit 200 (FIG. 7) . 
Preferably, the transistor 3 06 is a scaled version of the 
first and second N-channel MOSFETs 102, 104 of the 
termination circuit 2 00 and the magnitude of the current 
drawn by the fourth current source IS4 is a corresponding 
scaled version of the desired current to be drawn by the 
first, second, and third voltage controlled current sources 
IS1, IS2, and IS3 . 

[0045] The voltage Vref may be produced by way of the 
exemplary circuit 400 of FIG. 9. The circuit 400 includes 
resistors R4 , R5 , and R6, operational amplifier 402, and a 
sixth current source IS6 . Resistors R4 and R5 are coupled 
as a voltage divider between the Vdd node and the Vss node. 
Preferably, this resistor divider produces a voltage of 
about (Vdd - Vss)/2, which is input into the non-inverting 
input terminal of the operational amplifier 402. The 
operational amplifier 402 is connected in a voltage follower 
configuration. The output voltage of the operational 
amplifier 402, which is substantially equal to the voltage 
produced by the voltage divider, is used to drive a series 
combination of the resistor R6 and the sixth current source 
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IS6. The control voltage Vref is preferably taken across 
the sixth current source IS6. Through careful trimming of 
resistor R6 , a very accurate magnitude for Vref may be 
achieved. 

[0046] Advantageously, desirable impedance, current, and 
voltage characteristics of the termination circuit 200 

(FIG. 7) are achieved utilizing the control circuit formed 
by the components of FIGS. 7-9. These characteristics will 
now be discussed with reference to FIG. 10. FIG. 10 is a 
multi-ordinate and single abscissa Cartesian coordinate 
graph showing the impedance (Ohms) along the left most 
ordinate axis, and the currents ID102, ID104 drawn by the 
respective first and second N-channel MOSFETs 102, 104 along 
the next ordinate axis. The voltage of the common node 106 

(whether induced by a driver circuit or quiescent) is 
plotted along the abscissa. Position (or voltage) 0.0 
indicates a point of quiescence, whereby no voltage is 
induced on the common node 106 by way of a driver circuit. 
As can be seen by the graph, various impedances at the 
common node 106 may be achieved by selecting different bias 
conditions for the first and second N-channel MOSFETs 102, 
104. In particular, differing gate-to-drain voltages for 
the first N-channel MOSFET 102 will establish differing 
impedances at the common node 106. Thus, selection of the 
impedance of the resistor Rl and the magnitude of the 
current of the first current source IS1 will establish the 
impedance at the common node 106. By way of example, a 
gate-to-drain voltage of about 0.45 volts results in a 
nominal impedance of about 75 Ohms at the common node 106. 
Of course, other impedances may be achieved as desired. 

[0047] Reference is now made to FIG. 11, which is a 
graphical illustration of the voltage versus time 
characteristics of the active termination circuit 200 
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(FIG. 7) of the instant application as compared with the 
resistive termination (FIG. 1) of the prior art. In 
particular, FIG. 11 plots voltage along the ordinate axis 
and time along the abscissa. The plotted waveforms 
correspond to the voltages induced on the termination node, 
the common node in FIG. 1 and node 106 in FIG. 6. More 
particularly, the voltage curve in dashed line represents 
the voltage versus time characteristic of the termination 
node of the prior art resistive termination circuit 10 of 
FIG. 1. The solid line plot represents the voltage versus 
time characteristic of the termination node 106 of the 
active termination circuit 200 of FIG. 7. 

[0048] The ordinate axis is labeled 0.0 volts at a 
quiescent point, which may actually represent a voltage of 
about (Vdd - Vss)/2. The voltage waveform induced on the 
termination node of the prior resistive termination circuit 
(shown in dashed line) is basically a square wave having a 
magnitude of 0.350 volts at a frequency of about 200 Mhz . 
The plot of the voltage characteristic of the termination 
node 106 of the active termination circuit 200 of FIG. 7 
differs substantially between about 40 ns and 55 ns . This 
is so because that portion of the graph illustrates the 
voltage characteristic when the N-channel MOSFETs 102, 104 
are deactivated. At a time of about 50 ns, the N-channel 
MOSFETs 102, 104 are activated and within about 2.5 ns, the 
voltage characteristic of the active termination circuit 200 
substantially matches the voltage characteristic of the 
resistive termination circuit 10 of the prior art. It is 
noted, however, that the current drawn by the active 
termination circuit 200 of the instant invention is 
advantageously smaller than the current drawn by the 
resistive termination circuit 10 of the prior art. 
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[0049] Reference is now made to FIG. 12, which is a 
schematic diagram of an alternative active termination 
circuit 200A, which employs first and second P-channel 
MOSFETs 102A and 104A, respectively. Each P-channel MOSFET 
102A, 104A includes a gate terminal G, a drain terminal D, a 
source terminal S, and a bulk terminal B. The source 
terminal S and the bulk terminal B of the first P-channel 
MOSFET 102A are coupled to the Vss node. The drain terminal 
D of the first P-channel MOSFET 102A is coupled to the 
source terminal S and the bulk terminal B of the second 
P-channel MOSFET 104A, which is the termination node 106. 
The drain terminal D of the second P-channel MOSFET 104A is 
coupled to the Vss node. As with the circuit 200 of FIG. 7, 
the active termination circuit 200A of FIG. 12 includes a 
control circuit to bias the first and second P-channel 
MOSFETs 102A, 104A in such as a way as to compensate for 
variations in the supply voltages and temperature 
variations. The gate terminal G of the first P-channel 
MOSFET 102A is coupled to the Vdd node by way of a second 
current source IS2, and is coupled to the common node 106 by 
way of a resistor R2 . The gate terminal G of the second 
P-channel MOSFET 104A is coupled to the Vdd node by way of a 
first current source IS1, and is coupled to the Vss node by 
way of a resistor Rl . A third current source IS3 is coupled 
between the Vss node and the common node 106. 

[0050] In general, resistors Rl and R2 and current 
sources IS1, IS2 , and IS3 operate to bias the first and 
second P-channel MOSFETs 102A, 104A such that a quiescent 
voltage potential is produced at the common node 106A that 
is between the respective magnitudes of the Vdd and Vss 
node, while maintaining a controlled impedance, such as 
75 Ohms. As with previous embodiments of the invention, the 
quiescent voltage potential of the active termination 
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circuit 200A is preferably about a midpoint between the 
magnitudes of the Vdd and Vss nodes. 

[0051] Preferably the first, second, and third current 
sources IS1, IS2, anci IS3 are voltage controllable to 
produce respective currents in response to a current command 
signal, wherein the respective magnitudes of the currents 
function to control the impedance and quiescent voltage 
potential at the common node 106A. The circuit of FIG. 8 is 
suitable for producing a voltage that may be used to command 
or control the magnitudes of the respective currents 
produced by IS1, IS2, and IS3 . For the purposes of brevity, 
the voltage, current, and impedance characteristics 
illustrated in FIGS. 10 and 11 may readily be achieved 
utilizing the circuit of FIG. 12 as will be apparent to one 
skilled in the art from the description of previous 
embodiments of the invention hereinabove. 

[0052] Reference is now made to FIG. 13, which is a 
schematic diagram of a more detailed circuit that may be 
used to implement the termination circuit 200 of FIG. 7. 
For the purposes of brevity and clarity a detailed 
description of each and every component of the circuit of 
FIG. 13 and their interconnections will be omitted. FIG. 14 
is a schematic diagram of an alternative implementation of 
the circuits of FIG. 7 and FIG. 13. FIG. 15 is a detailed 
schematic diagram suitable for implementing the control 
circuitry of FIGS. 8 and 9. Again, for the purposes of 
brevity, a detailed description of each and every element of 
this schematic and their interconnections will be omitted 
inasmuch as such information will be apparent to one skilled 
in the art from the discussion hereinabove. 

[0053] Although the invention herein has been described 
with reference to particular embodiments, it is to be 
understood that these embodiments are merely illustrative of 



- 16 - 



the principles and applications of the present invention. 
It is therefore to be understood that numerous modifications 
may be made to the illustrative embodiments and that other 
arrangements may be devised without departing from the 
spirit and scope of the present invention as defined by the 
appended claims. 



- 17 - 



